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Abstract. Collective flows of protons and pi−-mesons are studied at the momenta of 4.2, 4.5 and 10 AGeV/c
for p+C, Ta and He+Li, C interactions. The data were obtained from the streamer chamber (SKM-
200-GIBS) and from the Propane Bubble Chamber (PBC-500) systems utilized at JINR. A method of
Danielewicz and Odyniec has been employed in determining a directed transverse flow of particles. The
values of the transverse flow parameter and the strength of the anisotropic emission were defined for each
interacting nuclear pair. It is found that the directed flows of protons and pions decrease with increasing
the energy and the mass numbers of colliding nucleus pairs. The pi−-meson and proton flows exhibit
opposite directions in all studied interactions, and the flows of protons are directed in the reaction plane.
The Ultra-relativistic Quantum Molecular Dynamical Model (UrQMD) coupled with the Statistical Multi-
fragmentation Model (SMM), satisfactorily describes the obtained experimental results.
PACS. 25.70.-z – 25.75.Ld
1 Introduction
One of the central goals of the high-energy heavy-ion col-
lision research is a determination of the properties of nu-
clear matter at densities and temperatures higher than
that in the ground-state nuclei. Asymmetry of produced
particle emission relative to the reaction plane observed
in nucleus-nucleus interactions is explained by the collec-
tive flows of the particles. Theoretically, those flows can
be linked to the fundamental properties of nuclear mat-
ter and, in particular, to the equation of state (EOS) [1].
Two types of asymmetries were identified. The former is
a directed flow [2] in the reaction plane, associated with
the matter ”bouncing-off” within the hot participant re-
gion of overlap between colliding nuclei. The latter is a
squeeze-out [3] of the hot matter directed perpendicular
to the reaction plane within the participant region. When
energy increases into ultra-relativistic values the squeeze-
out turns into an in-plane elliptic flow.
Many different methods have been proposed for study-
ing the flow effects in relativistic nuclear collisions, of
which the most commonly employed ones are the directed
transverse momentum analysis technique developed by Da-
nielewicz and Odyniec [4] and the method of the Fourier
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expansion for azimuthal distributions proposed by De-
moulins et al. and Voloshin and Zhang [5]. Quantitatively,
the anisotropic flow is characterized by coefficients in the
Fourier expansion of the azimuthal dependence of the in-
variant yield of particles relative to the reaction plane [6].
A first coefficient, v1, is usually called a directed flow pa-
rameter, and a second coefficient, v2, is called an ellip-
tic flow parameter. To improve anisotropic flow measure-
ments, advanced methods based on multi-particle correla-
tions (cumulants) have been developed to suppress non-
flow contribution, which are not related to the initial ge-
ometry [7]. Most of the data below 4 AGeV in the litera-
ture were, in fact, analyzed by the method of Danielewicz
and Odyniec [4]. The advantage of this method is that
it can be employed even at small statistics, which is typ-
ical for film detectors. That is why we have chosen the
method of Danielewicz for the analysis of our data from
film detectors in order to investigate the directed flow of
protons and π−-mesons in the colliding systems p+C, Ta
and He+Li, C.
The collective flow of charged particles has been first
observed at the Bevalac by the Plastic Ball and Streamer
Chamber Collaborations. The flow continued to be ex-
plored at Berkeley and at GSI, and further at AGS and
at CERN/SPS accelerators. By now, the collective flow
effects were investigated in nucleus-nucleus interactions
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over a wide range of energies, from hundreds of MeV up
to 5.02 TeV [8]–[16]. Measurements of multi-particle az-
imuthal correlations (cumulants) for charged particles in
Pb+Pb collisions at
√
sNN = 2.76 TeV and in p+Pb col-
lisions at
√
sNN = 5.02 TeV have been carried out at
ALICE, ATLAS and CMS LHC experiments. They help
address the question of whether there is an evidence for
global, flow-like, azimuthal correlations in these systems.
In order to study the properties of nucleus-nucleus in-
teractions, the collective flows of protons, pions and Λ
hyperons were previously investigated [17]–[20] by the au-
thors of the present paper at beam energies of 3.4 and
3.7 AGeV. According to the study, the flow parameters of
protons and negative pions increase at an increase of the
mass of projectile and target nuclei ((AP +AT )
1/2) in 2H
+ C, He + C, C + C, C + Ne, 2H + Ta, He + Ta, C
+ Cu, and C + Ta collisions. It was interesting to study
characteristics of the collective flow in nucleon-nucleus in-
teractions also.
It is worth to mention that the values of the elliptic
flow excitation function v2 obtained by us for protons cor-
respond to quite an interesting energy region. According
to the investigations of Au+Au collisions at AGS [21], an
evolution from a negative (v2 < 0) to positive (v2 > 0)
elliptic flow was observed at an energy interval of 2.0 ≤
Ebeam ≤ 8.0 GeV/nucleon and an apparent transition
energy Etr ∼ 4 GeV/nucleon was pointed. Therefore, our
results are also interesting for enrichment of the existing
results in the above mentioned energy region.
The collective flows are well established in collisions
of heavy nuclei, while the information is very limited for
interactions of light and medium projectile nuclei with
various target nuclei. The results obtained in our paper
will bring a new light on the nature of the flows.
In this paper, we present the collective flow analysis
results of protons and π− -mesons for different projectile-
target combinations at the laboratory momenta of 4.2, 4.5
and 10 AGeV/c. The data were obtained from the experi-
mental setups of JINR, Dubna. Moreover, the characteris-
tics of protons and π− -mesons, produced in the collisions,
were determined and provided for comparison at different
energies. The experimental results are compared with the
predictions of the Ultra-relativistic Quantum Molecular
Dynamics Model (UrQMD) [22] in combination with the
Statistical Multi-fragmentation Model (SMM) [23].
2 Experimental data
The data were obtained from the SKM-200-GIBS streamer
chamber
The SKM-200-GIBS experiment is based on a 2 m
streamer chamber placed in the magnetic field of 0.8 T and
on a triggering system. An inelastic trigger was used to se-
lect the events. The streamer chamber [24] was exposed by
a beam of He nuclei accelerated up to 4.5 AGeV/c in the
JINR synchrophasotron. The thickness of Li and C solid
targets (in the form of a disc) were 1.5 and 0.2 g/cm2, cor-
respondingly. The analysis produced 4020 events of He+Li
and 2127 events of He+C collisions.
The 2-meter long Propane Bubble Chamber (PBC-
500) was placed in the magnetic field of 1.5 T. The pro-
cedures for separating out the p+C collisions in propane
(C3H8) and the data processing details, including particle
identification and corrections, were described in [25]. The
analysis produced 5882 (10775 events in C3H8) and 16509
(28703 events in C3H8) events of p+C interactions at the
momentum of 4.2 and 10 GeV/c, correspondingly, and
2342 events of p+Ta (at 10 GeV/c) collisions. The protons
with momentum p<150 MeV/c were not detected 150 200
MeV/c within the PBC-500 as far as their track lengths
are less than 2 mm (p+C interactions), and protons with
p<200 MeV/c were absorbed in Ta target plate (the de-
tector biases). Thus, the protons with momentum larger
than 150 MeV/c were registered in p+C interactions, and
the protons with p≥250 MeV/c in p+Ta collisions.
The following factors were considered at estimations of
systematic errors for the both set-ups: the contamination
of non-beam particles (contamination due to interactions
of other projectile nuclei with a charge less than required,
Z< Zproj), the choice of the effective area for registration
of collisions, secondary interactions in the target, absorp-
tion of slow π− mesons in the target, contamination of
K± and Σ± particles, visual identification of π+ mesons,
scanning losses (including tracks with a large angles at
the plane of photography). For SKM-200-GIBS experi-
ment the corrections due to the trigger, selecting inelastic
and central collisions, were added, while for PBC-500 the
corrections for the selection of interactions with carbon
nuclei from the collisions with propane nuclei were taken
into account. The most important corrections were con-
nected with the scanning losses which mainly reduce the
number of the observed secondary particles. All the fac-
tors led to a systematic uncertainty of π− meson average
multiplicity on the level 2÷4.5 %. For the analysis pre-
sented in our paper, we study kinematic properties of π−
mesons and protons in narrow intervals of rapidity. In each
rapidity bin the statistical errors were in 3÷4 times larger
than the pointed systematic uncertainty. Thus, we will not
consider the systematic errors further.
A study of the collective flow phenomenon needs an
”event-by-event” analysis, which requires the exclusive anal-
ysis of each individual collision. In this connection, there
has been a necessity to perform identification of π+ mesons
in order to separate π+ mesons from the positive charged
particles. The procedure has been done as described be-
low.
In what concerning He+Li, C collisions, identification
of positive charged particles never has been done yet, and
we have carried out our effectively π+ mesons identifi-
cation for the first time. It was assumed, that π+ and
π− mesons hit a given cell of the plane (PL, PT ) with
equal probability in collisions of isospin-symmetrical nu-
clei. Thus [13], it was assumed that a proton yield in a
given cell (ij) of the PL–PT plane is presented as:
Nprotij = N
pos
ij −Nnegij ,
where Nposij is a number of positively charged tracks in
the cell, and Nnegij is a number of negative charged tracks
L. Chkhaidze et al.: Study of collective flows of protons... 3
in the cell. As known [13], the procedure works quite
well for inclusive distributions. In our case, we randomly
choose how to treat a given positive charged track. We
treated the track as a proton one with a probabilityWp =
Nprotij /N
pos
ij , and as a π
+ meson one with the probability
Wpi+ = N
neg
ij /N
pos
ij .
Since π+ mesons and protons in the Propane Bubble
Chamber (p+C, Ta collisions) have been identified in the
narrow interval of momenta (up to 0.7 GeV/c), it was
necessary the additional ”identification” of particles with
higher momenta. It was done as follow: The momentum
distributions (spectra) of positive and negative particles
was divided into 10 intervals for p>0.750 GeV/c. The dis-
tributions were created for isospin-symmetrical collisions
(2H, 4He, C + C). Using them, the probabilities Wp and
Wpi+ were determined. According to the probabilities, the
positive charged tracks with p>0.750 GeV/c were sub-
divided into ”protons” and ”π+ mesons”. The results of
the ”identification” for He+Li, C and p+Ta collisions are
presented in Figs 1, 2 for inclusive distributions in a com-
parison with the UrQMD model predictions. One can see
that the spectrum of π+ mesons well agrees with the ex-
perimental spectrum (distribution) of π− mesons and with
the simulated spectrum of π+ mesons.
For the flow analysis, minimum four participant pro-
tons, Npart ≥ 4, (the remaining protons after the ”identi-
fication”) were required in event. In the experiment, the
positively charged projectile fragmentation products were
identified as those characterized by the momentum p>3.5
GeV/c (4.2 AGeV/c, 4.5 AGeV/c) or p>7 GeV/c (10
AGeV/c) and emission angle θ < 3.5◦ and the target frag-
mentation products – by the momentum p < 0.25 GeV/c
in the target rest frame.
3 The directed flows of protons and
pi
−-mesons
It has been investigated that the directed flow of pro-
tons and π− mesons in the colliding systems p+C, Ta
and He+Li, C employed a method of Danielewicz and
Odyniec [4]. The method relies on summation over trans-
verse momenta of selected particles in the events. In an
experiment, no determination of the impact parameter b
is possible. Therefore, instead of b, a vector sum of trans-
verse momenta of projectile and target nuclear fragments
or participant protons is used. The fragmentation regions
of projectile and target nuclei were outside the acceptance
regions of experimental setups in some experiments and,
therefore, the reaction plane was defined by the second
approach using the participant protons. The second ap-
proach is preferable also for the light nuclear systems, be-
cause the multiplicity of the participant protons is larger
than the number of detected nuclear fragments. There-
fore, the participant protons were used in our study for
the reaction plane determination.
The analysis was carried out in the laboratory system.
To eliminate the correlation of a particle with itself (auto-
correlations) at a study of proton flows, we estimated the
reaction plane for each proton in the event with a contri-
bution of that proton removed from the definition of the
reaction plane. The reaction plane is spanned by the im-
pact parameter vector
−→
b and the beam axis. Within the
transverse momentum method, the direction of
−→
b is esti-
mated event-by-event in terms of the vector constructed
from the proton transverse momenta:
−→
Qj =
n∑
i=1,i6=j
ωi
−→
pi
⊥, (1)
where ωi is a weight factor of i-th particle, ωi = yi - yc,
yi is a rapidity of i-th participating proton, and yc is an
average rapidity of the participant protons in an event
[26]. The values of yc averaged over all events are shown
in Figs. 3, 4 by arrows.
The projection of a transverse momentum of a particle
onto the estimated reaction plane is:
pxj
′ = {−→Qj ·
−−→
pj
⊥/|−→Qj|}. (2)
The dependence of the projection on the rapidity y was
constructed for each collision systems. For further anal-
ysis, the average transverse momentum in the reaction
plane,< pxj
′(y) >, is obtained by averaging over all events
in the corresponding intervals of rapidity. Due to finite
number of particles used in constructing of the vector
−→
Q in
(1), the estimated reaction plane fluctuates in the azimuth
around the direction of the true reaction plane. Because
of those fluctuations, the component px of a particle mo-
mentum in the true reaction plane is systematically larger
than the component px
′ in the estimated plane:
〈px〉 = 〈px ′〉/〈cos(Φ)〉, (3)
where Φ is the angle between the true and estimated reac-
tion planes. The overall correction factor k = 1 / 〈cos(Φ)〉
is a subject of a large uncertainty [4,18], especially for low
multiplicity events. In [4] the method for the definition of
the correction factor has been proposed. Each event is ran-
domly divided into two almost equal sub-events and the
vectors
−→
Q1 and
−→
Q2 are constructed.
Then the distribution of the azimuthal angle Φ be-
tween these two vectors was obtained, and the average
<cosΦ > was determined. <cosΦ > for all considered in-
teractions are given in Table 1. Figs. 3, 4 show dependen-
cies of the average in-plane transverse-momentum compo-
nents on the rapidity for protons and π− -mesons in p+C,
Ta and He+Li, C collisions. The values of the flow parame-
ter F , which are the slopes of< px(y) > at its mid-rapidity
cross-over, are given in Table 1. All presented error bars
are only statistical ones.
The flow analysis was done also for the changed re-
quirement for the determination of the reaction plane,
namely for Npart ≥ 3. In this case the absolute values
of the directed flow parameter F for protons have been
obtained 82.7 ± 4.3 MeV/c (Nevent=1720 after cut) for
He+Li, C and 76.8 ± 4.9 MeV/c (Nevent=1541 after cut)
for p+Ta collisions. One can see from Table 1, that the
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change of the selection criterion of the events for the flow
analysis does not affect significantly the values of the flow
parameters, while the errors of F increases for the criterion
Npart ≥ 4 due to the decrease of statistics: for He+Li, C
collisions 80.9 ± 16.2 MeV/c (Nevent=786 after cut) and
for p+Ta collisions 76.1 ± 5.3 MeV/c (Nevent=1141 after
cut).
In view of the strong coupling between the nucleon and
pion, it is interesting to know, if pions also have a collective
flow behaviour in that presented nuclear systems and how
is the pion flow related to the nucleon one. An answer to
this question is given in Table 1. The pion’s flow has been
observed with respect to the reaction plane determined by
participant protons.
One can see from the Table 1 and Figures 3, 4 that
the π− mesons flows are smaller than the proton ones. It
is apparent that the π− mesons and protons flow are in
the opposite in-plane directions, in the forward and back-
ward hemispheres, in all nuclear systems. The flow param-
eter absolute values for π− mesons and protons decrease
with increasing of projectile momentum and of mass num-
bers AT of target nuclei, what is opposite the results in
nucleus-nucleus collisions (2H + C, He + C, C + C,2H
+ Ta, He + Ta, and C + Ta collisions) obtained at the
same energy and on the same setup [18], [20]. Interest-
ingly, the proton and π− mesons collective flow parame-
ters in He+C collisions of SKM-200-GIBS with the pure,
solid thin targets are comparable with those from colli-
sions with C3H8 (PBC-500, our earlier results) [20]. Both
results are in agreement within errors.
The obtained experimental results from p+C, Ta and
He+Li, C collisions are compared with predictions of the
UrQMDmodel coupled with the SMMmodel. Detailed de-
scriptions of the UrQMD and SMM models can be found
in [22] and [23], correspondingly. The UrQMD model is a
microscopic transport model based on the covariant prop-
agation of all hadrons on classical trajectories in combina-
tion with stochastic binary scatterings, colour string for-
mation and resonance decay. We added the SMM model
to the UrQMD model to improve simulations of a baryon
production in target and projectile fragmentation regions.
There is no a strong subdivision between the participat-
ing protons and protons created at the de-excitation of
nuclear residuals. The SMM allows a simulation of the
evaporated proton production, and UrQMD generates the
participating protons. Thus, we have in the model events
all processes presented at the experiment.
The UrQMD model is designed as a multi-purpose tool
for studying a wide variety of heavy ion related effects
ranging from multi-fragmentation and collective flow to
particle productions and correlations in the energy range
from SIS to RHIC. In the used version of the UrQMD
model (1.3) with addition of the SMM, we consider po-
tential interactions between nucleons and excitations of
the residual nuclei. These allowed one to determine the
reaction plane by the participant protons.
The incorporation of UrQMD and SMM was done as it
was proposed in Ref. [27,28]. The UrQMD calculation was
carried out up to the transition time ttr = 100 fm/c. Af-
ter that the minimum spanning tree method [29] was em-
ployed for determination of prefragments. It was assumed
that two nucleons form a cluster, if a distance between
their centers is lower than Rclus = 3 fm. The choice of
the parameters (ttr and Rclus) was considered in Ref. [27,
28]. The procedure allowed to determine mass numbers,
charges, energies and momenta of pre-fragments. The en-
ergy and momentum of a prefragment were transformed to
the prefragment rest frame using the Lorentz transforma-
tion. The excitation energy of the hot prefragment was cal-
culated as a difference between the binding energy of the
pre-fragment and the binding energies of this pre-fragment
in its ground state. Skyrme, Yukawa and Coulomb poten-
tials were used at a calculation of the binding energy. The
Pauli potential was not accounted. A ”hard” Skyrme-type
EoS with the nuclear incompressibility K = 300MeV was
used. Decay of the prefragments was simulated by SMM.
We have checked out that the UrQMD model with-
out the potential interactions (cascade mode of UrQMD)
does not predict any anisotropic flows for proton interac-
tions with light nuclei. An inclusion of the potential in-
teractions leads to the flows, and allows one to estimate
the excitation energy of nuclear remnant. Evaporated pro-
tons, neutrons and nuclear fragments are produced at a
de-excitation of the remnants. The average kinetic energy
of the evaporated protons is below 30 MeV. An account-
ing of the protons does not have an essential influence on
our results.
20000 (4.2 GeV/c) and 60000 (10 GeV/c) events have
been generated for p+C interactions, 15000 (4.5 AGeV/c),
8000 (4.5 AGeV/c) and 7230 (10 GeV/c) events for He+Li,
C and p+Ta collisions, correspondingly, by using the en-
larged UrQMD model (UrQMD+SMM). The experimen-
tal conditions and selection criteria are applied to the gen-
erated events. For UrQMD+SMM events the projection
of the transverse momentum onto true reaction plane was
determined. The values of the flow parameter F are ex-
tracted for protons and π− -mesons from the dependencies
of < px(y) > on rapidity y for each nuclear pair (Table
1). As seen, there is a good agreement between the exper-
imental and theoretical values (Figs. 3, 4).
The reduced magnitude of the average pion momen-
tum component in the reaction plane compared to the
proton one was seen before at Bevalac, GSI-SIS, CERN-
SPS and STAR [13,30,31]. Historically, the pattern of pion
emission relative to the reaction plane has been first stud-
ied at Bevalac by the Streamer Chamber Group and later
by the EOS collaboration [32]. In the investigations at
Bevalac and Saturne, projection of the pion transverse
momentum onto the reaction plane was examined. The
direction of the pion flow opposite to the proton flow, the
so called anti-flow, was seen before in either asymmetric or
symmetric systems [13,32,33]. However, we are unaware of
observation of the pion anti-flow in a strongly asymmetric
system such as our p+Ta one.
The anti-correlation of nucleons and pions was explai-
ned in [34] by the effect of multiple πN scattering. How-
ever, in [35] it is shown that the anti-correlation is a man-
ifestation of the nuclear shadowing of the target and pro-
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jectile spectators through both pion re-scattering and re-
absorptions. Quantitatively, the shadowing can produce
the in-plane transverse momentum components compara-
ble to the momenta itself and, thus, much larger than the
components due to the collective motion for pions [36]. In
our opinion, our results indicate that the flow behaviour
of π− mesons is a result of the nuclear shadowing effect.
4 Proton elliptic flow
We have studied a proton elliptic flow in p+C (4.2 and 10
GeV/c), He+Li, C (4.5 AGeV/c) and p+Ta (10 GeV/c)
collisions. The azimuthal φ distributions of the protons
were obtained and presented in Figs 5, 6 where φ is the an-
gle between the transverse momentum of each particle in
the event and the reaction plane (cos(φ) = Px /P
⊥). The
azimuthal angular distributions show maxima at φ =90◦
and 270◦ with respect to the event plane. The maxima are
associated with a preferential particle emission perpendic-
ular to the reaction plane (squeeze-out). To treat the data
in a quantitative way, the azimuthal distributions were fit-
ted with the Fourier cosine-expansion (given the system
invariance under reflections with respect to the reaction
plane).
dN
dφ
= a0[1 + a1cos(φ) + a2cos(2φ)]. (4)
The squeeze-out signature is a negative value of the co-
efficient a2, which is a measure of the strength of the
anisotropic emission. The elliptic anisotropy, quantified in
terms of the a2 coefficient (a2=2v2), extracted from the
azimuthal distributions of the protons with respect to the
reaction plane at mid-rapidity is given in Table 2.
The obtained experimental results have been compared
with the calculations of the UrQMD+SMM model. The
experimental selection criteria were applied to the gen-
erated events. The elliptic flow parameters with respect
to the true reaction plane were calculated (Table 2) for
UrQMD+SMM events too. A good agreement between
experimental and theoretical distributions has been ob-
tained for the proton elliptic flow in the above mentioned
collisions (Figs 5, 6).
The absolute value of the proton elliptic flow parame-
ter a2 increases with the growth of momenta per nucleon
in our collisions (Table 2). According to the investigations
of Au+Au collisions at AGS [21], the sign of the elliptic
flow changes at an apparent transition energy of Etr ∼
4 GeV/nucleon. All considered theoretical scenarios [38]
properly describe the change of a2 sign at the incident en-
ergy decrease below
√
sNN = 3.5 GeV. In heavy ion col-
lisions the squeeze-out of particles from interaction zone
takes place due to a shadowing of particles production in
the reaction plane by the nuclear residuals. At higher en-
ergies the shadowing decreases, and the squeeze-out flow
is changed into the elliptic flow. In the interactions stud-
ied by us (p+C and p+Ta collisions at 4.2 and 10 GeV/c,
correspondingly, there are no projectile remnants. Thus,
it is natural that the sign of the observed elliptic flow does
not change.
5 Conclusion
The directed transverse collective flows of protons and π−
mesons and elliptic flow of protons emitted from p+C (4.2
and 10 GeV/c), He+Li, C (4.5 AGeV/c) and p+Ta (10
GeV/c) collisions have been studied. In more detail:
1) The p+C system is the lightest studied one, and
the p+Ta system is an extremely asymmetrical system in
which collective flow effects (directed and elliptic) are de-
tected for protons and pions. As shown, the π− mesons
exhibit an opposite directed flow with that for protons
in all colliding systems. The absolute value of the directed
flow parameter F decreases with increase of projectile mo-
menta in p+C collisions for the protons from 125.2 ± 7.2
MeV/c at 4.2 GeV/c down to 85.7 ± 5.8 MeV/c at 10
GeV/c. The values for π− mesons are -21.6 ± 11.1 MeV/c
at 4.2 GeV/c and -16.1 ± 5.4 MeV/c at 10 GeV/c. Also,
F decreases with increasing the mass numbers of the tar-
get AT nuclei, for protons from 85.7 ± 5.8 MeV/c (p+C,
10 GeV/c) down to 76.1 ± 5.3 MeV/c (p+Ta, 10 GeV/c),
and almost does not change for π− mesons -19.7 ± 4.8
MeV/c (p+C, 10 GeV/c) and -18.8 ± 4.8 MeV/c (p+Ta,
10 GeV/c). The results for nucleon-nucleus collisions are
opposite the results in nucleus-nucleus interactions ob-
tained at the same energy and on the same experimental
setup.
2) It should be mentioned that no change of the sign
of the proton elliptic flow has been observed in p+C,
Ta nucleon-nucleus collisions in the projectile momentum
range of 4 ÷ 10 GeV/c. The absolute value of the proton
elliptic flow parameter a2 in p+C collisions increases with
projectile momentum from -0.053 ± 0.020 at 4.2 GeV/c
up to -0.071 ± 0.013 at 10 GeV/c. Also, a2 almost does
not change with increase of the mass numbers of the target
AT nuclei at 10 GeV/c: -0.071 ± 0.013 (p+C) and -0.071
± 0.016 (p+Ta).
An agreement between experimental and theoretical
(UrQMD+SMM) collective flow distributions has been ob-
tained for particles in the above mentioned interactions.
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Figure and Table captions
Fig. 1. Distributions of π− -mesons (•) and π+ -
mesons (after the ”identification”) (◦), and π+ -mesons
(UrQMD+ SMM generated) (⋆) in He+Li, C collisions on
total momentum (P) and transverse momentum (PT ).
Fig. 2. Distributions of π− -mesons (•), π+ -mesons
(before the ”identification”) (N), π+ -mesons (after the
corrections) (◦) and π+ -mesons (UrQMD+SMM gener-
ated) (⋆) in p+Ta collisions.
Fig. 3. The dependence of < px(y) > on the rapidity y
in p+C collisions at the momenta of 4.2 GeV/c and of 10
GeV/c for protons and π− mesons in experimental (•, N)
and UrQMD+SMM generated (◦, △) data, correspond-
ingly. Straight solid lines stretches represent the slope of
data at mid-rapidity, obtained by fitting the data with a
1-st order polynomial within the intervals of the rapidity.
The curved lines guide the eye over data. Arrows indicate
average yc over the interactions.
Fig. 4. The dependence of < px(y) > on the rapid-
ity y in He+Li,C collisions at 4.5 AGeV/c and p+Ta in-
teractions at 10 GeV/c for protons and π− -mesons in
experimental (•, N) and UrQMD+SMM generated (◦, △)
data, correspondingly. Arrows indicate average yc over the
interactions.
Fig. 5. The azimuthal distributions with respect to
the reaction plane in p+C collisions at the momenta of 4.2
GeV/c and of 10 GeV/c for protons. The curves are the
result of the approximation by dN/dφ = a0[1+a1cos(φ)+
a2cos(2φ)].
Fig. 6. The azimuthal distributions with respect to
the reaction plane in He+Li, C collisions at 4.5 AGeV/c
and p+Ta interactions at 10 GeV/c for protons in experi-
mental (•) and UrQMD+SMM generated (◦) data, corre-
spondingly. The curves are the result of the approximation
by dN/dφ = a0[1 + a1cos(φ) + a2cos(2φ)].
Table 1. The numbers of experimental and UrQMD+
SMM events prior and after applying the cuts (see text)
and the values of flow parameters for protons and π− -
mesons.
Table 2. Characteristics of proton elliptic flow in the
experimental and UrQMD+SMM collisions including event
number (Nexp., NUrQMD) prior and after applying the
cuts.
L. Chkhaidze et al.: Study of collective flows of protons... 7
0
2.5
5
7.5
10
12.5
15
17.5
20
22.5
0 0.5 1 1.5 2 2.5 3
 He+Li, C
 p
-
 p
+
 p
+ 
  mod
P
(1
/N
 d
N/
dP
)%
0
5
10
15
20
25
30
35
0 0.2 0.4 0.6 0.8 1 1.2 1.4
 He+Li, C
 p
-
 p
+
 p
+ 
   mod
PT
(1
/N
 dN
/d
P T
)%
Fig. 1.
0
5
10
15
20
25
30
35
0 0.5 1 1.5 2 2.5 3
 p+Ta
 p
-
 p
+
  pre ident.
 p
+ 
  after ident.
 p
+ 
  mod
P
(1
/N
 dN
/d
P)
%
0
5
10
15
20
25
30
35
0 0.2 0.4 0.6 0.8 1 1.2 1.4
 p+Ta
 p
-
 p
+
  pre ident.
 p
+ 
  after ident.
 p
+ 
  mod
PT
(1
/N
 dN
/d
P T
)%
Fig. 2.
8 L. Chkhaidze et al.: Study of collective flows of protons...
-50
0
50
100
150
200
-0.5 0 0.5 1 1.5 2
 p+C,    4.2 GeV/c
 prot
 pion
 mod
 Yc Y
< 
P x
 
> 
(M
eV
/c)
-50
0
50
100
150
200
-0.5 0 0.5 1 1.5 2 2.5
 p+C,    10 GeV/c
 prot
 pion
 mod
 Yc Y
< 
P x
 
> 
(M
eV
/c)
Fig. 3.
-100
-50
0
50
100
150
-0.5 0 0.5 1 1.5 2 2.5
 He+Li, C     4.5 AGeV/c
 prot
 pion
 mod
 Yc Y
< 
P x
 
> 
(M
eV
/c)
-50
0
50
100
150
200
-0.5 0 0.5 1 1.5 2 2.5
 p+Ta,  10 GeV/c
 prot
 pion
 mod
 Yc Y
< 
P x
 
> 
(M
eV
/c)
Fig. 4.
L. Chkhaidze et al.: Study of collective flows of protons... 9
200
220
240
260
280
300
0 1 2 3 4 5 6
 p+C   4.2 GeV/c
 exp
 mod
f  (rad)
dN
/d
f
650
700
750
800
850
900
950
1000
1050
0 1 2 3 4 5 6
 p+C   10 GeV/c
 exp
 mod
f  (rad)
dN
/d
f
Fig. 5.
220
240
260
280
300
0 1 2 3 4 5 6
 He+Li, C
 exp
 mod
f  (rad)
dN
/d
f
400
450
500
550
600
650
0 1 2 3 4 5 6
 p+Ta
 exp
 mod
f  (rad)
dN
/d
f
Fig. 6.
10 L. Chkhaidze et al.: Study of collective flows of protons...
Table 1.
AP + AT p+C p+C He+Li, C p+Ta
4.2 GeV/c 10 GeV/c
Nprior exp. 5882 16509 6147 2342
Nafter cut 891 2890 786 1141
Nprior mod. 20000 60000 23000 7230
Nafter cut 1428 4858 10435 6333
< cosΦ > exp. 0.633 0.638 0.662 0.642
< cosΦ > mod. 0.657 0.658 0.670 0.702
F
p
exp.(MeV/c) 125.2 ± 7.2 85.7 ± 5.8 80.9 ± 16.2 76.1 ± 5.3
F
p
mod. (MeV/c) 116.2 ± 4.9 94.3 ± 3.7 86.2 ± 1.9 79.8 ± 1.9
F
pi−
exp.(MeV/c) -21.6 ± 11.1 -16.1 ± 5.4 -19.7 ± 4.8 -18.8 ± 4.8
F
pi−
mod. (MeV/c) -19.0 ± 7.9 -15.9 ± 3.9 -17.2 ± 1.8 -18.1 ± 1.9
Table 2.
Nprior exp. Nprior mod.
AP + AT a2 exp. a2 mod.
Nafter cut Nafter cut
4.2 GeV/c 5882 20000
891 1428 -0.053 ± 0.020 -0.052 ± 0.013
p+C
10 GeV/c 16509 60000
2890 4858 -0.071 ± 0.013 -0.072 ± 0.008
6147 23000
He+Li, C -0.051 ± 0.019 -0.052 ± 0.007
786 10435
2342 7230
p+Ta -0.071 ± 0.016 -0.072 ± 0.007
1141 6333

